This study was conducted to evaluate the relationship between antimicrobial resistance and antimicrobial use in a university hospital in Taiwan. Disk susceptibility data of Escherichia coli, Klebsiella pneumoniae, Enterobacter cloacae, Serratia marcescens, Proteus spp., Pseudomonas aeruginosa, Acinetobacter spp., Stenotrophomonas maltophilia and other non-fermentative Gram-negative bacilli causing nosocomial infections were evaluated. Data on annual patient-days and annual consumption (defined daily dose (DDD) per 1000 patientdays) of extended-spectrum cephalosporins (cefotaxime, ceftriaxone, ceftazidime, flumoxef, cefepime and cefpirome), ␤-lactam-␤-lactamase inhibitor combinations (ticarcillin/clavulanic acid and piperacillin/tazobactam), carbapenems (imipenem and meropenem), aminoglycosides (amikacin, gentamicin and tobramycin), fluoroquinolones (ciprofloxacin (oral and injectable) and oral levofloxacin and moxifloxacin) from 1991 to 2003 were analysed. Increasing trends of incidences of several of these bacteria causing all nosocomial infections or nosocomial bloodstream infections were noted from 1991 to 2003. The annual patient-days of the hospital significantly increased, from 360 210 in 1991 to 672 676 in 2002 (linear regression analysis, P < 0.05), but slightly decreased in 2003 (629 168) owing to the severe acute respiratory syndrome epidemic in Taiwan. The rise in cefotaxime-resistant or ciprofloxacin-resistant E. coli and meropenem-resistant P. aeruginosa was significantly correlated with increased consumption of extended-spectrum cephalosporins, ␤-lactam-␤-lactamase inhibitor combinations, carbapenems, fluoroquinolones and aminoglycosides (for ciprofloxacin-resistant E. coli and meropenem-resistant P. aeruginosa only) in the hospital (Pearson's correlation coefficient, r > 0.72 (or <−0.72) and P-value < 0.05). Increased ciprofloxacin-resistant K. pneumoniae and meropenem-resistant Acinetobacter spp. was significantly associated with the increased usage of extended-spectrum cephalosporins but not with the other four classes of antibiotics. This 13-year study in a hospital demonstrated significant changes in antimicrobial use, which may have affected antimicrobial resistance in certain Gram-negative bacteria at the hospital.
Introduction
Antimicrobial resistance is an increasing threat in hospitalised patients, and both mortality and morbidity from infection are greater when caused by antimicrobial-resistant bacteria [1] [2] [3] [4] . Among these resistant bacteria, extended-spectrum cephalosporin-resistant Enterobacteriaceae, carbapenem-resistant Pseudomonas aeruginosa and Acinetobacter baumannii, and ciprofloxacin-resistant Enterobacteriaceae and non-fermentative Gram-negative bacilli (NFGNB) are of great concern because antimicrobial therapy for infections due to these resistant pathogens remains a clinical dilemma in hospitalised patients [5] [6] [7] [8] [9] [10] [11] . Increases in the prevalence of these resistant pathogens in hospitals are frequently related to the high selective pressure of antimicrobials commonly used in hospitalised patients, particularly extended-spectrum cephalosporins, ␤-lactam-␤-lactamase inhibitor combinations, carbapenems, fluoroquinolones and aminoglycosides [12] [13] [14] [15] [16] [17] [18] [19] [20] . Importantly, susceptibility profiles of nosocomial pathogens are affected not only by a single agent but also by use of multiple agents [21] . The higher resistance of organisms to some antimicrobial agents is frequently associated with heavy use of fewer antimicrobials [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Understanding the hospital antibiogram and hospital profile of antimicrobial use is mandatory in solving the problem of antimicrobial resistance in hospitals.
This report aims to evaluate antimicrobial usage and antimicrobial resistance trends for prominent nosocomial Gram-negative pathogens from 1991 to 2003 at a university hospital in Taiwan. For each antimicrobial-resistant pathogen, annual resistance rates and the usage of a single agent and several classes of agents were analysed.
Materials and methods

Setting
National Taiwan University Hospital (NTUH) is a tertiary referral centre and a university-affiliated hospital with 2000 beds. There were 175 beds in the intensive care unit and 150 beds in the haemo-oncology ward of this hospital during the study period. The Nosocomial Infection Control Committee of the hospital was established in 1980 [7] . Prior to 2004, no specific and well-established antibiotic control polices were implemented at the hospital. All attending physicians at the hospital can prescribe nearly all antimicrobial agents (except for liposomal amphotericin B, voriconazole, caspofungin, linezolid and ganciclovir) without the permission of the infection disease specialists.
Incidence of nosocomial infections caused by Gram-negative bacteria
Definitions for nosocomial infections followed the National Nosocomial Infections Surveillance guidelines [23] . Annual incidences of several major Gram-negative bacteria causing all nosocomial infections (bloodstream, respiratory tract, urinary tract, gastrointestinal, surgical site, and skin and soft tissue infections) and nosocomial bloodstream infections were expressed as episodes per 10 000 discharged. These organisms included Escherichia coli, Klebsiella pneumoniae, Enterobacter cloacae, Serraba marcescens, Proteus spp., P. aeruginosa, Acinetobacter spp., Stenotrophomonas maltophilia, and NFGNB other than P. aeruginosa, Acinetobacter spp. and S. maltophilia (Pseudomonas fluorescens, Pseudomonas putida, Acinetobacter junii, Acinetobacter haemolyticus, Acinetobacter lwoffii, Burkholderia cepacia, Chryseobacterium indologenes, Chryseobacterium meningosepticum and Alcaligenes spp.) (hereafter 'other NFGNB'). These isolates were non-duplicate samples, as several isolates of each species from each patient recovered with 7 days were considered one isolate. Isolates were identified by conventional biochemical tests as well as by two commercial identification kits, VITEK Identification cards (bioMerieux, Hazelwood, MO) and Phoenix System (Becton Dickson, Sparks, MD), if necessary.
Antibiotic consumption
Data on annual consumption of extended-spectrum cephalosporins (cefotaxime, ceftriaxone, ceftazidime, flumoxef, cefepime and cefpirome), ␤-lactam-␤-lactamase inhibitor combinations (ticarcillin/clavulanic acid and piperacillin/tazobactam), carbapenems (imipenem and meropenem), aminoglycosides (amikacin, gentamicin and tobramycin) and fluoroquinolones (ciprofloxacin (oral and injectable) and oral levofloxacin and moxifloxacin) from 1991 to 2003 were obtained from the Pharmacy Department of the hospital. Antibiotic consumption was expressed as the number of defined daily doses (DDDs)/1000 patient-days) [24] .
Trends in resistance
To determine the secular trend of resistance in major Gram-negative pathogens causing nosocomial infections at NTUH, data on the disk diffusion susceptibilities of these organisms recovered from 1991 to 2003 were retrieved from the annual summary document [25] . To calculate the resistance rates, isolates of each species with identical resistance profiles recovered from each patient within 7 days were calculated once (non-duplicate isolates). Screening for extendedspectrum ␤-lactamase (ESBL) phenotypes among E. coli and K. pneumoniae isolates began in 2003 [26] . Escherichia coli and K. pneumoniae isolates with an inhibition zone diameter for cefotaxime (30 g disk) or aztreonam (30 g disk) of < 27 mm were subjected to the ESBL confirmation method using the following four antimicrobial disks: cefotaxime (30 g), cefotaxime/clavulanic acid (30/10 g disk), ceftazidime (30 g disk) and ceftazidime/clavulanic acid (30/10 g disk). The results were interpreted based on the National Committee for Clinical Laboratory Standards (NCCLS) criteria [26] .
Regular quality assurance was performed among isolates processed using the following American Type Culture Collection (ATCC) strains: E. coli ATCC 25922, K. pneumoniae ATCC 70063 (for confirmation testing of ESBL-producing strains) and P. aeruginosa ATCC 27853. Isolates were classified as susceptible or resistant (including intermediate category) according to the NCCLS criteria [25, 26] .
Statistical analysis
Pearson's correlation coefficient was used to determine the relationship between antibiotic consumption and trends in resistance. Linear regression analysis was used to analyse the trend of hospital patient-days and the trends of rates among Gram-negative pathogens causing all nosocomial infections and nosocomial bloodstream infections with time. Trends of annual resistance rates to each antimicrobial agent for microorganisms were performed using Durbin-Watson statistics. An r-value >0.72 (or <−0.72) and a P-value <0.05
were considered statistically significant. The autoregressive integrated moving average (ARIMA) model was used to demonstrate the time series of antimicrobial resistance and antimicrobial use (cefotaxime resistance in E. coli and ceftazidime resistance in P. aeruginosa) [27, 28] .
Results
Incidence of nosocomial infections
Annual rates of major Gram-negative bacilli causing all nosocomial infections and nosocomial bloodstream infections are shown in Fig. 1A and 1B, respectively. For A. baumannii, a 3.6-fold increase in nosocomial bloodstream infections was noted (7.5 episodes/10 000 discharges in 1991 versus 27.1 episodes/10 000 discharges in 2003), along with a 2.1-fold increase in all nosocomial infections (24.5 episodes/10 000 discharges in 1991 versus 50.8 episodes/10 000 discharges in 2003). There was a 2.2-fold increase in other NFGNB causing nosocomial bloodstream infections (4.9 episodes/10 000 discharges in 1991 versus 10.7 episodes/10 000 discharges in 2003). Among the eight Gram-negative bacterial species and other NFGNB isolates, trends of increased incidences were significant (r > 0.72 and P < 0.05) among E. coli and other NFGNB causing all nosocomial infections, and among E. coli, K. pneumoniae, Serratia spp., Proteus spp., P. aeruginosa and Acinetobacter spp. causing nosocomial bloodstream infections (Table 1) .
Annual antibiotic consumption
The annual patient-days of the hospital significantly increased, from 360 210 in 1991 to 672 676 in 2002 (linear regression analysis, P < 0.05), but slightly decreased in 2003 (629 168) owing to the severe acute respiratory syndrome epidemic in Taiwan ( Fig. 2A ). Table 2 shows the annual consumption of several commonly used antimicrobial agents, and Fig. 2B illustrates the annual consumption of five classes of agents from 1991 to 2003. In general, the usage of each individual antimicrobial agent varied with years. A significant stepwise increase in consumption (r > 0.72 and P < 0.05) was found for piperacillin/tazobactam, cefepime, meropenem and ciprofloxacin ( Table 2) 
Relationship between antibiotic consumption and rates of resistance
In 2003, the overall rate of resistance to cefotaxime was 22.7% in E. coli and 25.1% in K. pneumoniae. However, based on the NCCLS guidelines for ESBL confirmation testing [26] , the rate of ESBL-producing isolates of E. coli and K. pneumoniae in 2003 was 14.2% and 14%, respectively. Table 3 shows the trends of resistance rates among Gram-negative pathogens. A significant increase in resistance rate with time (r > 0.72 and P < 0.05) was found for cefotaxime-and ciprofloxacin-resistant E. coli, cefepimeand ciprofloxacin-resistant K. pneumoniae, cefepimeand meropenem-resistant P. aeruginosa, ceftazidime-, piperacillin/tazobactam-, gentamicin-and amikacin-resistant A. baumannii, and cefepime-and piperacillin/tazobactam- Table 2 Annual resistant S. maltophilia. A significantly increased susceptibility with time (r < −0.72 and P < 0.05) was found to ceftazidime and amikacin for P. aeruginosa (Table 3 ). Relationships between rates of resistant Gram-negative pathogens causing nosocomial infections and the annual consumption of the corresponding antibiotic in the hospital from 1991 to 2003 are shown in Table 4 . Significant positive associations (increased resistance associated with increased consumption) (r > 0.72 and P < 0.05) were found in cefotaxime-and ciprofloxacin-resistant E. coli, cefotaximeand gentamicin-resistant S. marcescens, ciprofloxacinresistant P. aeruginosa, and piperacillin/tazobactam-, amikacin-and meropenem-resistant A. baumannii. Significant negative associations (r < −0.72 and P < 0.05) were found in cefepime-and gentamicin-resistant A. baumannii.
The rise in cefotaxime-resistant E. coli was significantly correlated with the increased consumption of extended-spectrum cephalosporins (r = 0.8409, P < 0.0001), ␤-lactam-␤-lactamase inhibitor combinations (r = 0.9148, P < 0.0001), carbapenems (r = 0.8929, P < 0.0001) and fluoroquinolones (r = 0.8877, P < 0.0001). The rise in cefotaxime-resistant K. pneumoniae was significantly associated with the use of extended-spectrum cephalosporins (r = 0.7223, P = 0.0281) and fluoroquinolones (r = 0.7810, P < 0.0373) only. The increase in rates of ciprofloxacinresistant E. coli and meropenem-resistant P. aeruginosa was significantly correlated with increased consumption of extended-spectrum cephalosporins (r = 0.89446, P = 0.0404 and r = 0.9283, P = 0.0218, respectively), ␤-lactam-␤lactamase inhibitor combinations (r = 0.9323, P = 0.0209 and r = 0.8991, P = 0.0379, respectively), carbapenems (r = 0.8933, P = 0.0412 and r = 0.9283, P = 0.0218, respectively) and fluoroquinolones (r = 0.9612, P = 0.0091 and r = 0.9523, P = 0.0124, respectively). Decreased use of aminoglycosides was significantly associated with an increased incidence of ciprofloxacin-resistant E. coli (r = −0.9221, P = 0.0258) and meropenem-resistant P. aeruginosa (r = −0.9082, P = 0.0264). An increase in meropenem-resistant Acinetobacter spp. was significantly associated with increased usage of extended-spectrum cephalosporins (r = 0.9316, P = 0.0212) and carbapenems (r = 0.9026, P = 0.0412) but not with the other four classes of antibiotics. The relationships between rates of ciprofloxacin resistance in K. pneumoniae and P. aeruginosa and the five classes of antimicrobials were not significant. Table 5 shows ARIMA and transfer function models for estimating the percentage of cefotaxime resistance among E. coli isolates. An increase of 1 DDD/1000 patient-days for cefotaxime resulted in an increase of 0.98% in the cefotaxime resistance rate. A forecast of cefotaxime resistance in E. coli and ceftazidime resistance in P. aeruginosa up to 2011 is shown in Fig. 3 . In 2011, the predicted cefotaxime resistance percentage for E. coli is 36.3% (95% confidence interval (CI), 26.6-42.5%) and the predicted ceftazidime resistance percentage for P. aeruginosa is 8.79% (95% CI, 3.9-10.6%).
Time series analysis with ARIMA model
Discussion
This study regarding the association between antimicrobial resistance in Gram-negative bacteria that cause nosocomial infections and antibiotic use at a Taiwanese teaching hospital with an increase of annual patient-days during a 13-year period discloses three important points. First, the incidence of nosocomial bacteraemia due to the major Gramnegative bacteria generally increased over time. Notable trends in antimicrobial usage demonstrated sharp increases in the use of piperacillin/tazobactam, cefepime, ciprofloxacin Table 4 Relationship between annual consumption of individual antibiotics and rates of key resistant Gram-negative pathogens causing nosocomial infections at National Taiwan University Hospital, 1991-2003 Antimicrobial agent and carbapenems, but decreases in the use of amikacin and sulphamethoxazole/trimethoprim. Second, widespread use of four major classes of antimicrobial agents in the hospital were significantly associated with the increase in cefotaxime and ciprofloxacin resistance in E. coli and carbapenem resistance in P. aeruginosa. Increased use of extended-spectrum cephalosporins was also significantly related to the increased incidence of cefotaxime resistance in K. pneumoniae and carbapenem resistance in Acinetobacter spp. The increased use of fluoroquinolones is also significantly associated with the increased incidence of cefotaxime resistance in K. pneumoniae and carbapenem resistance in P. aeruginosa. Third, the decreasing use of gentamicin and amikacin in recent years is associated with increasing susceptibility of S. marcescens to gentamicin and of P. aeruginosa to amikacin; however, resistance to gentamicin and amikacin in A. baumannii remained high.
The relationship between antimicrobial resistance and antimicrobial usage for a particular drug, or classes of drug, and organism combination is partly in line with other previous studies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . A significant positive correlation between the increase in the use of extended-spectrum cephalosporins (particularly ceftazidime) and the increased prevalence of ceftazidime-resistant K. pneumoniae, Enterobacter spp. and P. aeruginosa has been described in many previous reports [17, [29] [30] [31] [32] . Our study further demonstrated this positive association with cefotaxime use and cefotaximeresistant S. marcescens. However, a significantly increased use of cefepime in NTUH failed to result in an increased rate of cefepime resistance in A. baumannii and even exerted a protective effect against this resistance (r = −0.952 and P = 0.012). Use of piperacillin/tazobactam has been demonstrated to reduce rates of ceftazidime-resistant or ESBL-producing K. pneumoniae [12, 29, 32] . However, our study showed a significantly positive association between piperacillin/tazobactam use and piperacillin/tazobactamresistant A. baumannii.
Although the consumption of ceftazidime in 2003 decreased to approximately one-half of that in 1996, and although piperacillin/tazobactam use increased dramatically, cefotaxime resistance in K. pneumoniae remained high (25.1% in 2003) , and rates of piperacillin/tazobactam resistance in these Gram-negative bacteria remained stable. However, cefotaxime resistance in Enterobacter spp. and ceftazidime-resistant P. aeruginosa declined gradually. Because the incidence of ESBL-producing E. coli and K. pneumoniae was not available prior to 2003, it was not possible to define the relationship between antimicrobial usage and the incidence of ESBL-producing isolates.
Previous reports demonstrated that fluoroquinolones were protective against isolation of third-generation cephalosporin-resistant pathogens [31, 33] . A recent study further demonstrated that higher hospital-level use of fluoroquinolones was associated with an increased proportion of ciprofloxacin resistance among P. aeruginosa isolates causing hospital-acquired infections [34] but not in E. coli isolates. However, MacDougall et al. demonstrated that there was no significant relationship between total hospital fluoroquinolone use and resistance in E. coli [35] . In this study, increased use of fluoroquinolones was not only associated with the increased incidence of cefotaxime-resistant E. coli and K. pneumoniae but also correlated with varying degrees of increase in ciprofloxacin resistance among these Gramnegative bacteria, except for S. maltophilia isolates.
The root causes of the rapid emergence and dissemination of drug-resistant bacteria in hospitals are multifactorial [36] , including the high selective pressure that results from inappropriate and widespread use of antimicrobial agents particularly in intensive care units, cross transmission from patient to patient owing to inconsistent application of appropriate infection control measures, interhospital transfer of resistance (clonal spreading of resistant bacteria or horizontal transfer of resistance genes), a community contribution to resistance, or a complex relationship between resistance and the use of a variety of antimicrobials [33, [36] [37] [38] . However, increasing resistance may further drive increased consumption of several so-called 'last-line' antimicrobial agents. In this study, the increase in the incidence of nosocomial infections due to multidrug-resistant P. aeruginosa and A. baumannii and cefotaxime-resistant E. coli and K. pneumoniae resulted in an increase in the use of carbapenems. The increased use of these agents was significantly associated with an increase in the incidence of nosocomial infections due to carbapenem-resistant A. baumannii and P. aeruginosa, S. maltophilia and other NFGNB, particularly among patients hospitalised in intensive care units (data not shown). Previous studies have demonstrated that the spread of pauci-clones of carbapenem-resistant or pandrug-resistant A. baumannii and poly-clones of carbapenem-resistant P. aeruginosa in intensive care units and other wards at the hospital contributes significantly to the increased rates of carbapenem resistance among these isolates [6, [10] [11] [12] .
Recently, the ARIMA model has been widely used to investigate the relationship between antibiotic use and antibiotic resistance and provides forecasts of resistance based on past antibiotic use and resistance data [27, 28] . Owing to the huge database in this study, this model was used to analyse both cefotaxime resistance in E. coli and ceftazidime resistance in P. aeruginosa. Our results clearly demonstrated the trends of worsening cefotaxime resistance in E. coli and favourable susceptibility in P. aeruginosa to ceftazidime in the next 6 years.
In conclusion, this 13-year study in a hospital demonstrated that significant changes in antimicrobial use might have affected antimicrobial resistance in certain Gramnegative bacteria at the hospital. The changes could have been due to several other factors, most likely in conjunction with one another. Dissemination and feedback of these data to clinicians and decision-makers at the hospital is crucial to improve antibiotic prescribing and to implement effective infection control. More judicious use of antimicrobial agents will be necessary to limit this trend.
